was tested in aerobic oxidation of p-methoxytoluene and α-methylstyrene. The studied reactions were carried out in the presence of AIBN and/or Co(II) salt without solvent or in acetic acid as solvent. It was found that the obtained polymer-supported NHPI catalyst showed the best catalytic performance, which was attributed to a high content of accessible NHPI moieties. The recovery and recycling of the obtained HEA/DVB-NHPI was only possible in reactions proceeded in solvent-free conditions. Abstract In the present study, poly(HEA-co-DVB) was synthesized (loading of OH groups: 8.07 mmol OH/g, crosslinking degree: 6 % DVB) and used for N-hydroxyphthalimide (NHPI) immobilization via ester bond (NHPI loading: 2.06 mmol NHPI/g). The obtained polymeric support and poly(HEA-co-DVB)/NHPI catalyst were characterized by FT-IR and XPS spectroscopy, elemental analysis, thermogravimetry and particle size measurement. The novel polymer-supported NHPI catalyst 1 3 
obtained in the presence of Amoco catalyst at significantly higher temperature (190 °C, 1.5 MPa). The role of transition metal salts is initiation of reaction by PINO generation as well as catalyzing the decomposition of formed peroxy compounds into stable products as shown in reactions Eqs. 2 and 6 [18] . Metal-free additives, such as azo-compounds, peroxides and aldehydes, act only as initiators and impact on the PINO generation.
(1) (2) 1 Introduction N-hydroxyphthalimide (NHPI) has been known as a valuable catalyst for aerobic oxidation of various organic compounds [1] [2] [3] . Its catalytic effect has been demonstrated among others in oxidation of alkylaromatics, such as toluene, ethylbenzene, cumene and their derivatives, to respective alcohols, ketones, carboxylic acids or hydroperoxides. Recently NHPI was also applied as catalyst for oxidative cleavage of α-methylstyrenes [4] . The activity of NHPI is related to formation of phthalimide N-oxyl radical (PINO) that abstract hydrogen from substrate as shown in Scheme 1 [5] . Rate of H-abstraction by PINO is higher than by peroxyl radical in autocatalytic oxidation [e.g. rate constants for H-abstraction from toluene by PINO and ROO· are 0.08 and 0.21 (mol −1 s −1 ) at 25 °C, respectively] [6] . Additionally the catalytic effect is a result of the lower termination rate because of ROO· radicals' reaction with NHPI in place and of their recombination to stable products.
PINO formation is usually facilitated by additives such as: transition metals [7, 8] , azo-compounds [9] [10] [11] , peroxides [12, 13] , aldehydes [14] , enzymes [15, 16] and others [17] . For instance, when the most popular combination, i.e. NHPI and Co(II) salt, was applied in toluene oxidation with oxygen, benzoic acid was obtained in yield of 81 % at 25 °C (0.1 MPa, 20 h) [18] . In industry, benzoic acid is Scheme 1 Mechanism of hydrocarbon oxidation in the presence of NHPI [5] 1 3 dimensions. The pendant functional groups are used for the formation of stable covalent bonds with molecules of a catalyst. The pendant functional groups in commercially available polystyrenes, such as NH 2 and OH, have been previously used by us to immobilize trimellitic anhydride acid chloride (TAC), which is the precursor of NHPI [22] . Nevertheless, commercially available polymers contain only small amount of these functional groups. In the polymeric beads based on cross-linked 2-hydroxyethylacrylate (HEA), containing high density of hydroxyethyl groups can be employed to immobilize of NHPI via ester bonds. 2-Hydroxyethylacrylate (HEA) is the closest analogue of 2-hydroxyethylmethacrylate (HEMA). Vinyl monomers are also commercially available and are commonly used for synthesis of three-dimensional hydrophilic copolymer networks called hydrogels, synthesized via three-dimensional free-radical polymerization (TFRP) [34] . Hydrogels HEMA and HEA-based, due to good mechanical properties, no cytotoxicity, biocompatibility and high thermal stability are applied as biomaterials and coatings [35] [36] [37] [38] [39] .
In particular, the HEMA is the subject of numerous original papers and monographs on the synthesis, properties and applications of HEMA-based hydrogels, such as the reviewed article of Montheard et al. [40] . The first and the most spectacular application of HEMA-based hydrogels are soft contact lenses developed by Otto Wichterle in 1960 [41] [42] [43] [44] . The immobilization of NHPI on the polymer carriers based on HEMA and HEA is not reported in literature, but HEMA-based polymers have been used to immobilize the enzymes [45] [46] [47] . Three-dimensional, freeradical copolymerization of HMA and HEA with divinyl monomers called cross-linkers can be carried out using a variety of techniques: bulk cross-linking copolymerization [39, 48] , solution cross-linking copolymerization [49, 50] and suspension cross-linking copolymerization [51] . They showed that HEMA-based hydrogel cross-linked of divinylbenzene (DVB) was the smallest deformable polymer tested in this study and had the highest value of Young's modulus. According to these results, it appears that DVB is the appropriate cross-linker for the synthesis of HEAbased carrier to immobilize NHPI. In this paper, the application of poly(HEA-co-DVB) as support for NHPI has been reported for the first time. In contrary to previously reported the polystyrene-supported NHPI [22] and GMA/MMA-supported NHPI [23] , the new catalyst HEA/DVB-NHPI is characterized by higher NHPI loading. The formed linker is longer than in polystyrene and similar to GMA/MMA supported N-OH groups. There is no data on NHPI loading in other described chemically immobilized NHPI [20, 21, 24] . Herein, activity of this new solid HEA/DVB-NHPI has been studied in oxidation reactions of p-methoxytoluene and α-methylstyrene. Recently, much attention has been paid to heterogeneous catalysts. Application of both immobilized NHPI and metal co-catalyst or combination of homogeneous NHPI and immobilized transition metal co-catalysts has been reported. These catalytic systems are especially attractive due to simple separation from the reaction mixture. Examples of heterogeneous NHPI catalysts include NHPI immobilized on silica gel by physical interaction [19] , NHPI immobilized by chemical bonds on silica gel [20, 21] , polystyrene [22] , copolymer microspheres of glycidyl and methyl methacrylate (GMA/MMA) [23] or glycidoxypropyl-SBA-15 [24] and NHPI incorporated into metal organic framework [25] [26] [27] [28] [29] . On the other hand, silica supported cobalt(II) [30, 31] , cobalt and manganese supported hexagonal mesoporous silicas [32] or cobalt Shiff base complex anchored on starch-coated magnetic nanoparticles [33] were also examined in the presence of homogeneous NHPI. The activity of these catalytic systems was demonstrated in aerobic oxidations of cyclohexane and other cyclic hydrocarbons [19, 25, [27] [28] [29] 32] , toluenes [20] [21] [22] 24] , ethylbenzenes [23, 25, 30, 31, 33] , styrenes [26] as well as other alkyl aromatic compounds [29, 31, 33] and benzylic alcohols [33] . For example, when toluene was oxidized with oxygen in the presence of both NHPI and Co(II) chemically bonded to silica gel in AcOH as solvent, conversion of 18 % was achieved (100 °C, 0.1 MPa, 20 h) [20] . Similar conversion was obtained when toluene was oxidized under pressure of oxygen in the presence of N,Ndihydroxypyromellitimide (NDHPI) supported on glycidoxypropyl-SBA-15 in MeCN (Co(II), 70 °C, 1.6 MPa, 7 h) [24] . When NHPI immobilized on commercial polystyrene via amide or ester bonds was applied in p-methoxytoluene oxidation with oxygen in AcOH or solvent-free condition conversions of 18 and 2.3 %, respectively, were achieved (Co(II), 80 °C, 0.1 MPa, 6 h) [22] . The final effect of NHPI immobilization on a solid carrier by means of covalent bond depends on quantity, quality and distribution of functional groups in a carrier. The cross-linked and thus insoluble synthetic functional polymers are attractive as solid carriers for catalysts and biocatalysts, because they can be formed into grains of predetermined shape and 1 3 
Immobilization of Trimellitic Anhydride Chloride
The mixture of copolymer poly(HEA-co-DVB) (1.00 g), DCM (30 mL) and pyridine (0.83 mL, 10 mmol) was cooled to 0 °C in ice bath. Next, solution of TAC (2.17 g, 10 mmol) in 30 mL DCM was added dropwise over 1 h. The reaction mixture was stirred for 3 h at 0 °C and for additional 24 h at RT. The product was filtered and washed twice with 10 mL of solvent in the following order: DCM, DMF, THF, DCM and Et 2 O. Product-copolymer poly(HEA-co-DVB) with immobilized TAC (HEA/DVB-TAC) was dried under vacuum. Next, HEA/DVB-TAC was added to a 40 mL mixture of pyridine: DCE (3:1, v/v), followed by the addition of hydroxylamine hydrochloride (0.71 g, 10 mmol). The mixture was stirred for 24 h at 75 °C. The product was filtered and washed with H 2 O (2 × 10 mL), MeOH (2 × 10 mL), DMF (2 × 10 mL), DMF/water (1:1, v/v, 2 × 10 mL), DMF (1 × 10 mL), THF (3 × 10 mL), DCM (2 × 10 mL), and Et 2 O (2 × 10 mL) and dried under vacuum. Copolymer poly(HEA-co-DVB) with immobilized NHPI (HEA/DVB-NHPI) was obtained.
FT Reagents were used as received without further purification. Solvents used in catalytic tests such as p-methoxytoluene (99.8 %, Acros Organics), α-methylstyrene (98 %, Sigma-Aldrich) were purified and dried with standard methods.
Preparation of Catalyst

Polymerization of 2-Hydroxyethylacrylate with Divinylbenzene
Copolymer of HEA and DVB (poly(HEA-co-DVB)) was prepared by mixing HEA (3.00 mL, 26 mmol) and DVB (0.40 mL, 1.54 mmol), then BPO was added (0.48 g, 2 mmol). The solution was transferred into a 30 mL vial. The vial was flushed with argon and sealed. The vial was heated at 60 °C for 6 h. The copolymer was removed from vial, crushed, washed with DCM and dried under vacuum.As references [17] , [55] and [39] , [49] are duplicate, we have to 300 °C for 5 min. Conversion and selectivity were calculated based on internal standard-cyclohexanone. GC analysis of products of α-methylstyrene oxidation was performed using a Hewlett 5890 Series II Gas Chromatography (Zebron ZB-5HT capillary column, 30 m × 0.32 mm × 0.1 µm, helium 48 kPa) with FID detector. The injection port temperature was 280 °C. The detector temperature was 280 °C. The temperature program was: hold at 70 °C for 2 min, ramp at 5 °C min −1 to 100 °C, then ramp at 20 °C min −1 to 250 °C for 2 min. Conversion and selectivity were calculated based on internal standard-naphthalene.
Thermogravimetric analysis (TG) was carried out in SDT q600 thermobalance (TA instrument). The measurement was performed in corundum crucibles using about 10 mg of sample. The decomposition of the organic part was monitored in an air flow (100 × mL/min) while the temperature was increased from 30 to 1000 °C at a rate of 20 °C min (Fig. 1) . Specific surface area of obtained catalyst was 0.0721 m 2 /g.
Typical Procedure for Oxidation Without Solvent
The oxidation reactions were performed in a gasometric apparatus described in Ref. [52] . p-Methoxytoluene (2.0 mL, 15.9 mmol) or α-methylstyrene (2.0 mL, 16.3 mmol), HEA/ DVB-NHPI (0.10 g), AIBN (0.03 mmol) and/or Co(OAc) 2 · H 2 O (0.02 mmol) were placed in a flask connected to a gas burette filled with oxygen under atmospheric pressure. The mixture was heated up to reaction temperature and stirred at 1400 rpm for 6 or 15 h. The oxygen uptake was measured and recalculated to the conditions of 0 °C and 1 atm. After the reaction, the catalyst was separated through filtration, washed with MeCN and DCM and then recycled. After recycling HEA/DVB-NHPI was characterized by FT-IR. The oxidation products were determined by GC analysis.
Typical Procedure for Oxidation in AcOH
p-Methoxytoluene (0.63 mL, 5 mmol), AcOH (10 mL), HEA/ DVB-NHPI (0.10 g), cobalt(II) acetate (Co(OAc) 2 ⋅H 2 O, 0.02 mmol) and AIBN (0.03 mmol) were placed in a flask connected to a gasometric apparatus. Reaction was conducted at 80 °C for 6 h. The oxidation procedure was the same as for the oxidation described above.
Analytical Methods
Infrared spectra were recorded on a Nicolet 6700 FT-IR Spectrometer. Elemental analysis was performed on a CHNS Vario Micro Cube. GC analysis of products of p-methoxytoluene oxidation was performed using an Agilent Technologies 7890A/5975C Gas Chromatography (HP-5 MS capillary column, 30 m × 0.25 mm × 0.25 µm, helium 1.2 mL/ min) with FID detector. The injection port temperature was 1000 1500 3000 3500
Wave number [cm 
Preparation of Catalyst
Copolymer poly(HEA-co-DVB) was synthesized by polymerization of HEA and DVB, then NHPI was immobilized on prepared HEA/DVB as shown in Scheme 2. The FT-IR spectrum (Fig. 2I ) of HEA/DVB showed characteristic peaks of hydroxyl and carbonyl groups at 3392 and 1721 cm −1
, respectively. After immobilization of TAC, the peak of hydroxyl group at 3392 cm −1 disappeared on FT-IR spectrum (Fig. 2II) . The FT-IR spectrum of Fig. 2II. showed new peaks at 1852 and 1777 cm −1 corresponding to anhydride groups [53] and 1228 cm (O = C(N)). Peaks at 3218 and 1785 cm −1 confirmed formation of N-hydroxyl group and obtaining immobilized form of N-hydroxyphthalimide [17, 54] .
The XPS analysis was performed to confirm the presence of catalytic centers on the surface of material. The presence of N 1 s peak in obtained catalyst confirmed the immobilization of NHPI onto polymeric support. The high-resolution N 1 s spectra collected for NHPI as well as for HEA/DVB-NHPI are displayed on Fig. 3 . The N 1 s core level spectra were fitted with only one component. In the case of NHPI binding energy of N-OH is 401.4 eV and in HEA/DVB-NHPI binding energy of N-OH group is 401.5 eV. using a Prevac photoelectron spectrometer equipped with a hemispherical VG SCIENTA R3000 analyzer. The spectra were taken using a monochromatized aluminum source Al Kα (E = 1486.6 eV) and a low-energy electron flood gun (FS40A-PS) to compensate for the charge accumulation on the surface of nonconductive samples. Spectra were processed and deconvoluted using CasaXPS software.
Results and Discussion
In this paper, new polymer-supported NHPI was obtained and examined in selected oxidation reactions. Copolymer poly(HEA-co-DVB) was used to immobilized NHPI via ester bond. Fig. 3 N 1s high-resolution XPS spectra of NHPI and HEA/ DVB-NHPI Stability of polymer was investigated by Thermogravimetric analysis (Fig. 4) . TG spectra can be distinguished by two regions of mass loss: (I) up to 150 °C which corresponding to physically adsorbed water, (II) above 150 °C which corresponding to desorption and oxidation of material. Three stages of weight loss in TG curve over 150 °C were observed: (a) area of 150-250 °C showed start of catalyst decomposition, (b) area between 250 and 500 °C showed major weight loss which were characteristic for carbonization of sample and c) area above 500 °C was characterized as carbon oxidation. TG analysis demonstrated stability of obtained immobilized NHPI in temperature of performed oxidation reactions.
Catalytic Tests of HEA/DVB-NHPI
p-Methoxytoluene and α-methylstyrene were used as starting material for catalytic tests of obtained new polymersupported NHPI. Oxidation of model compounds was performed in the presence of HEA/DVB-NHPI both in polar Based on elemental analysis, loading of hydroxyethyl groups in HEA/DVB and cross-linking degree were calculated as 8.07 mmol OH/g and 6 % DVB, respectively. The results of elemental analysis were also used to calculate NHPI loading of 2.06 mmol NHPI/g. Loading of immobilized NHPI was lower than expected based on high amount of -OH loading in synthesized support. However, NHPI loading and cross-linking degree of HEA/DVB-NHPI were higher in comparison to reported NHPI supported on commercially available (chloromethyl)polystyrene via ester bond (maximum loading 1.65 mmol NHPI/g, maximum cross-linking degree 5.5 % DVB) [22] . In contrary to our obtained heterogeneous NHPI, GMA/MMA-NHPI microspheres were characterized by lower amount of NHPI previously bonded through a Schiff base reaction (1.1 mmol/g) and ethylene glycol dimethacrylate as cross-linker (no data of cross-linking degree) [23] . There is no data on NHPI loading in other described chemically immobilized NHPI [20, 21, 24] . conditions that could abstract hydrogen mainly from NHPI. For instance, when p-methoxytoluene was oxidized in the presence of HEA/DVB-NHPI and Co(II) salt without AIBN, indication period of 30 min was observed at 80 °C. It was reduced to 9 min after AIBN addition. Effect of Co(II) salt in oxidation of both p-methoxytoluene and α-methylstyrene in the presence of HEA/DVB-NHPI was studied. When reaction of p-methoxytoluene with HEA/DVB-NHPI/ Co(II) system was performed the higher O 2 consumption were achieved (Table 1 , entries 9, 16). Additionally, induction period was reduced from 14 to 7 min. In oxidation of α-methylstyrene similar oxygen consumption was obtained in the presence of HEA/DVB-NHP/Co(II) system and without additive of metal salt ( Table 2 , entries 8, 12). Similarly, no effect of Co(II) salt additive on NHPI-catalyzed oxidation of α-methylstyrene was reported in paper [4] . The higher catalytic effect of HEA/DVB-NHPI was observed in oxidation of p-methoxytoluene than α-methylstyrene. For example, consumption of O 2 in p-methoxytoluene at 80 °C increased up to 15.5 times solvent as well as in solvent-free conditions. Reactions were performed at temperature in the range of 70-90 °C in the presence of AIBN or AIBN and Co(II) salt. Oxygen uptakes were used to observe reactions progress and were collected in Tables 1 and 2 . Immobilized NHPI was recycled up to three times. Inconsiderable loss of catalyst during filtration was observed due to small mesh size of catalyst and low scale of performed oxidation.
It was proved that obtained HEA/DVB-NHPI could successfully catalyzed oxidation processes of p-methoxytoluene and α-methylstyrene in solvent-free conditions. Studied reactions were performed in the presence of AIBN or AIBN/Co(II) system. AIBN was added in the amount of 0.1-0.2 mol% in order to initiate the oxidation process and reduce the induction period. AIBN decomposed to alkyl radicals (2-cyanoprop-2-yl radicals) under the applied Wave number [cm The composition of products obtained in oxidation of p-methoxytoluene and α-methylstyrene was determined by GC-FID analysis and presented in Table 3 . p-Methoxytoluene was oxidized to p-methoxybenzaldehyde, p-methoxybenzyl alcohol and p-methoxybenzoic acid while main product of α-methylstyrene oxidation was acetophenone.
Conclusion
This paper shows that immobilization of NHPI on copolymer poly(HEA-co-DVB) via ester bond has been successfully achieved. The structure of novel heterogeneous catalyst was confirmed by FT-IR and XPS spectroscopy and elemental analysis. Based on the results of elemental analysis the amount of immobilized NHPI and the crosslinking degree of carrier were calculated respectively 2.06 mmol NHPI/g and 6 mol% of DVB. The amount of NHPI immobilized on investigated carrier is higher than on commercially available polystyrenes (MPS-NHPI: 0.35-1.65 mmol NHPI/g) [22] as well as on copolymer of glycidyl methacrylate and methyl methacrylate (GMA/MMA-NHPI: 1.1 mmol NHPI/g) [23] . There is no data about NHPI loading of silica-supported NHPI [20, 21] and NDHPI immobilized on SBA-15 [24] . Additionally, the ester bond between active N-hydroxyl group and investigated carrier has got the ethyl-linker, which is longer than in polystyrene-based carrier [22] .
HEA/DVB-NHPI was applied in oxidation p-methoxytoluene in AcOH as solvent. O 2 consumption in comparison to NHPI loading of HEA/DVB-NHPI was 16 mmol O 2 /mmol N-OH (Co(II), 80 °C, 1 atm, 5 h). It was significantly higher than in comparison to previously reported silica-supported NHPI and Co(II) salt used in oxidation of toluene O 2 , when O 2 uptake per NHPI loading was calculated as only 4.8 mmol O 2 /mmol NOH (80 °C, 1 atm, 20 h) [20] . Unfortunately, HEA/DVB-NHPI was unstable in AcOH due to degradation of the ester bonds in acidic media.
Activity of HEA/DVB-NHPI was also demonstrated in oxidation reactions of p-methoxytoluene and α-methylstyrene in solvent-free system. When reaction was carried out without solvent recovery and recycling of immobilized NHPI were possible. In comparison to previously studies of chemically bonded NHPI [20] [21] [22] [23] [24] , the obtained HEA/DVB-NHPI represented higher activity per mole of immobilized NHPI. Determined amount of O 2 consumed per amount of immobilized NHPI was 3.3 mmol O 2 /mmol N-OH and 2.7 mmol O 2 /mmol N-OH in p-methoxytoluene oxidation in the presence of novel HEA/DVB-NHPI (2.06 mmol NHPI/g) and in previously described ( Table 2 , entries 2-4), which could prove stability of novel heterogeneous organocatalyst at the temperatures up to 80 °C. It was observed that catalytic activity of recycled immobilized NHPI was sometimes higher than the fresh one's. It is assumed that groups presented in solid catalyst that inhibit free radical reaction could be oxidized to inactive once during first usage.
The effect of temperature on oxidation of p-methoxytoluene and α-methylstyrene in the presence of HEA/ DVB-NHPI was also examined. As expected, the oxygen uptake increased when temperature rose. However, the O 2 consumption in comparison to blank reaction was lower at 90 °C (1.45 times) than at 80 °C (4.25 times) for p-methoxytoluene and at 80 °C (1.1 times) than 70 °C (1.3 times) for α-methylstyrene. It shows that the rate of non-catalytic reactions is higher at the higher temperature.
The effect of amount of immobilized NHPI was studied in oxidation of p-methoxytoluene. HEA/DVB-NHPI at amount of 0.025, 0.05 and 0.15 g caused lower catalytic effect than 0.1 g. An excessive amount of heterogeneous NHPI (0.15 g) in relation to 2 mL of reaction mixture caused worst effectiveness resulted in lower consumption of O 2 .
Obtained HEA/DVB-NHPI was also used in oxidation of p-methoxytoluene performed in acetic acid as a polar solvent ( Table 1 , entries 2-4). Previously reported NHPI immobilized on polystyrene by amide or ester bonds demonstrated significantly higher activity in the presence of polar solvent but the activity was lost during recycles [22] . It seemed that higher cross-linked novel HEA/DVB-NHPI would be more stable in solvent conditions. Over 160 times higher oxygen consumption in the process with novel heterogeneous NHPI than in oxidation without NHPI was observed. Unfortunately, catalytic activity of reused HEA/DVB-NHPI significantly decreased. FT-IR analysis of HEA/DVB-NHPI after second recycle in the solvent conditions (Fig. 5II) showed decreasing of the intensity of peaks at 1785, 1785 and 1159 cm −1 assigned to the carbonyl group (O = C(N-OH)) and ester bonds -C-O-(both in immobilized NHPI and in copolymer poly(HEA-co-DVB)). The signal of hydroxyl group at 3392 cm −1 , presented in HEA/DVB spectrum (Fig. 1I) beforehand, was observed. Cleavage of the ester bonds in heterogeneous NHPI occurred in contrast to HEA/DVB-NHPI after second recycle in solvent-free system (Fig. 5III) . Intensity of both signals of carbonyl groups
